We present ultraviolet through near-infrared (NIR) broad-band photometry, and visual-wavelength and NIR spectroscopy of Type Iax supernova (SN) 2012Z. The data set consists of both early and late-time observations, including the first late phase NIR spectrum obtained for a spectroscopically classified SN Iax. A detailed comparison is made to the well-observed Type Iax SN 2005hk, revealing a striking resemblance between the two objects. Simple model calculations of its bolometric light curve suggest SN 2012Z produced ∼ 0.3 M ⊙ of 56 Ni, ejected about a Chandrasekhar mass of material, and had an explosion energy of ∼ 10 51 erg, making it one of the brightest (MB = −18.3 mag) and most energetic SN Iax yet observed. Early and late phase visual-wavelength spectra of SN 2012Z are found to resemble similar epoch spectra of SN 2005hk, with the main difference being the former exhibiting broader absorption features, which we attribute to variations in the distribution of 56 Ni. The late phase (+269d) NIR spectrum of SN 2012Z is found to broadly resemble similar epoch spectra of normal SNe Ia; however, like other SNe Iax, corresponding visual-wavelength spectra differ substantially compared to all supernova types. Constraints from the distribution of intermediate mass elements, e.g. silicon and magnesium, indicate that the outer ejecta did not experience significant mixing during or after burning, and the late phase NIR line profiles suggests most of the 56 Ni is produced during high density burning. The various observational properties of SN 2012Z are found to be consistent with the theoretical expectations of a Chandrasekhar mass white dwarf progenitor that experiences a pulsational delayed detonation, which produced several tenths of a solar mass of 56 Ni during the deflagration burning phase and little (or no) 56 Ni during the detonation phase. Within this scenario only a moderate amount of Rayleigh-Taylor mixing occurs both during the deflagration and fallback phase of the pulsation, and the layered structure of the intermediate mass elements is a product of the subsequent denotation phase. The fact that the SNe Iax population does not follow a tight brightness-decline relation similar to SNe Ia can then be understood in the framework of variable amounts of mixing during pulsational rebound and variable amounts of 56 Ni production during the early subsonic phase of expansion.
Introduction
Over recent years dedicated non-targeted and targeted transient search programs have revealed the existence of a multitude of peculiar transients lurking in the nearby Universe. A particular group of objects that share a number of commonalities, warranting their own spectroscopic designation are Type Iax supernovae (see Foley et al. 2013 , for a review). Supernova (SN) 2002cx serves as the prototypical example, of what was originally entitled by Li et al. (2003) as, "The Most Peculiar Known Type Ia Supernova." Since the discovery of SN 2002cx, it has become clear that they are not all that rare. They have been estimated to account for 5 − 30% of the overall SNe Ia rate (Li et al. 2011; Foley et al. 2013; White et al. 2014) . SNe Iax are characterized by a number of observational peculiarities, including, among others: a significant range in peak luminosity (M B ∼ −14 to −18 mag); spectral signatures characteristic of over luminous 1991T-like SNe Ia such as blue continua at early phases and iron lines observed at all epochs; expansion velocities that are about half (4000 to 9000 km s −1 ) of what is observed in normal SNe Ia (10,000 to 15,000 km s −1 ) at similar epochs; and late phase optical spectra which bear little to no resemblance to other types of supernovae.
Detailed studies of the light curves and spectra of wellobserved SNe Iax indicate that they generate between ∼ 0.003-0.30 M ⊙ of 56 Ni, and have explosion energies ranging from ∼ 10 49 -10 51 erg. The progenitors of the entire class of SNe Iax are unknown and are a matter of open debate. Recent efforts to model the bright SN Iax (e.g. SN 2005hk) suggest that their origins may lie with the partial thermonuclear incineration of a carbon-oxygen Chandrasekhar mass white dwarf (WD), which leaves a bound remnant (Jordan et al. 2012; Kromer et al. 2013; Fink et al. 2013 ). However, pure deflagration models are currently unable to account for the stratified distribution of intermediate mass elements (IMEs) that are inferred from the spectroscopic observations of some bright SNe Iax. All current deflagration models produce significant mixing throughout the explosion (Livne & Arnett 1993; Livne 1993; Khokhlov 1995; Gamezo et al. 2003; Reinecke, Hillebrandt & Niemeyer 2002; Gamezo, Khokhlov, Oran 2005; Röpke, Woosley & Hillebrandt 2007; Seitenzahl et al. 2009 Seitenzahl et al. , 2013 , and it is unclear whether additional physics can sufficiently suppress mixing in deflagrations (Hoeflich et al. 2013) . This leaves open room for other possible progenitor scenarios, such as for example, the partial thermonuclear disruption of helium accreting sub-Chandrasekhar mass white dwarfs (Wang, Justham & Han 2013) or mergers (Piersanti et al. 2003) . In this paper we discuss an alternative scenario that explains most of the features of the recently observed Type Iax SN 2012Z (Foley et al. 2013) , as well as some other members of the SNe Iax class. However, it is important to keep in mind that SNe Iax are not a homogeneous class and several explosion scenarios may contribute to the entire observed population.
Recently we studied SNe 2008ha and 2010ae, which are the least luminous Type Iax objects yet observed (Stritzinger et al. 2014) . Here, our attention is turned towards the bright end of the luminosity distribution of SNe Iax. Specifically we present ultraviolet (UV), optical and near-infrared (NIR) observations of SN 2012Z. The data reveal that this object bears a striking resemblance to the well-observed Type Iax SN 2005hk Phillips et al. 2007; Sahu et al. 2008;  tions made with the Southern African Large Telescope (SALT), and the W. M. Keck Observatory located on the summit of Mauna Kea. Maund et al. 2010; McCully et al. 2014a) , and further indicates that SN 2012Z is among the brightest and most energetic SN Iax yet observed. The majority of the data presented in this study were obtained as part of the Carnegie Supernova Project-II (CSP-II), which is a four year NSF-funded SN followup program aimed at obtaining optical and NIR observations of ∼100 SNe Ia located in the Hubble flow. The CSP-II is placing a particular emphasis on carrying out detailed NIR spectroscopy, and as a result, this paper presents the most comprehensive NIR time series of a SN Iax. We also note that revised optical and NIR photometry of SN 2005hk are presented in the Appendix. Since these data were first published by Phillips et al. (2007) , the images of SN 2005hk have undergone proper host-galaxy template subtraction, and as well, the calibration of the local sequence has been improved.
In a companion paper, we report on the detection of a luminous and blue point source coincident with the location of SN 2012Z in pre-explosion Hubble Space Telescope (HST) images (McCully et al. 2014b) . This direct detection is consistent with a helium-star donating material to an accreting white dwarf as the progenitor for SN 2012Z. Followup HST observations have the potential to determine if the progenitor system was correctly identified and consistent with such a model.
The observations of SN 2012Z presented here provide unique coverage of the light curve and time evolution of the spectra at both optical and NIR wavelengths for a SN Iax. In supernovae, we are able to peer into deeper layers of the ejecta over time, and therefore, our observations allow us to probe the entire envelope structure. The nature of SNe Iax is under discussion, as are many aspects of the explosion physics and the nature of the variations observed within SNe Ia. A comprehensive discussion of the latter point is beyond the scope of this paper and therefore, we refer the reader to Hoeflich (2006) , Hoeflich et al. (2013) , and references therein. In what will follow, we discuss the various constraints on the underlying progenitor provided by individual observational components, as well as compare SN 2012Z to other SNe Ia and SNe Iax. As a reference scenario to compare SN 2012Z with normal SNe Ia, we adopt one of a series of delayed-detonation models of the later because it is readily available, fits many observational properties of SNe Ia, and can be regarded as a limiting case for one of the models discussed below. The goal of this work is not to rule out a specific model, but rather to piece together the arguments within all scenarios discussed in the literature. By considering the individual observational constraints of SN 2012Z and confronting them with various scenarios, we suggest a unified picture that may explain the nature of at least some SNe Iax.
Supernova 2012Z
SN 2012Z was discovered with the KAIT telescope as a part of LOSS (see Filippenko et al. 2001; Filippenko 2005 ) on 2012 Jan. 29.15 UT, at an apparent unfiltered magnitude of 17.6 (Cenko et al. 2012) . With J2000.0 coordinates of α = 03 h 22 m 05. s 35 and δ = −15
• 23 ′ 15. ′′ 6, the position of this supernova is 14.
′′ 6 West and 42. ′′ 1 North from the center of the SA(s)bc galaxy NGC 1309. Figure 1 contains an image of the host galaxy with SN 2012Z indicated. Spectroscopic confirmation obtained three days after the discovery indicated that this was a SN Iax on the rise (Cenko et al. 2012) .
NED lists the redshift of NGC 1309 as cz = 2136 km s −1 or z = 0.007125. NGC 1309 has a number of Cepheid-based distance measurements, and as well has hosted the normal Type Ia SN 2002fk (Riess et al. 2009; Cartier et al. 2014) . A recent re-calibration of the distance scale by Riess et al. (2011) , provides an up-to-date Cepheid based distance to NGC 1309 of 33.0±1.4 Mpc or µ = 32.59±0.09. Given the accuracy of this distance measurement, it is adopted in this paper to set the absolute flux scale of SN 2012Z.
Observations

Ultraviolet, optical, and NIR imaging
SN 2012Z was observed from space with the UVOT camera aboard the Swift X-ray telescope (Burrows et al. 2005; Roming et al. 2005 ). Up to 13 epochs of UV uvw2, uvm2, and uvw1-band imaging was obtained over the duration of a month. Template images of the host obtained during early 2013 were used to estimate the background emission at the position of the SN. Aperture photometry of the SN was then computed as described by Brown et al. (2009) , using the calibration zero-points and sensitivity corrections from Breeveld et al. (2011) . The final UV photometry is listed in Table 1 .
Optical (ugriBV ) imaging of SN 2012Z was initiated near the end of the first campaign of the CSP-II with the Swope 1.0 m (+SITe3 direct CCD camera) telescope at the Las Campanas Observatory (LCO). In addition, NIR (Y JH) imaging was also obtained with the du Pont 2.5 m telescope (+RetroCam). All CSP-II imaging was processed in the standard manner, following the procedures described by Hamuy et al. (2006) and Contreras et al. (2010) .
Before computing photometry of the SN, galaxy subtraction was performed on all science images. High signal-to-noise optical and NIR template images of NGC 1309 were obtained under favorable seeing conditions with the du Pont telescope between the 10 th and the 17 th of October 2013. Multiple exposures were stacked to create master templates, which were then subtracted from the science images following the techniques described by Contreras et al. (2010) .
PSF Photometry of SN 2012Z was computed differentially with respect to a local sequence of stars in the field of NGC 1309. The optical sequence consists of 17 stars calibrated with respect to Landolt (1992) (BV ) and Smith et al. (2002) (ugri) photometric standard fields, which were observed over the course of multiple photometric nights. The NIR local sequence, on the other hand, contains 6 stars calibrated relative to Persson et al. (1998) standards also observed over multiple photometric nights. As the Persson et al. (1998) catalog of standards does not include Y -band photometry, the Y -band local sequence was calibrated relative to unpublished Y -band photometry of a subset of the Persson et al. standards. The standard star Y -band photometry was computed from multiple observations conducted at LCO as part of the CSP-I (Hamuy et al. 2006) . Final absolute photometry of the optical and NIR local sequence in the natural system is listed in Table 2 . The quoted uncertainty for each magnitude corresponds to the weighted average of the instrumental errors of the photometry during the nights photometric standard fields were observed.
With photometry of the local sequences and template subtracted science images in hand, PSF photometry of SN 2012Z was computed as prescribed by Contreras et al. (2010) . The definitive optical and NIR photometry in the natural photometric system of the Swope and du Pont telescopes is listed in Tables 3  and 4 , respectively. The uncertainties accompanying each photometric measurement correspond to the sum in quadrature of the instrumental error and the nightly zero-point error. The early phase UV, optical, and NIR light curves of SN 2012Z are plotted relative to the time of B-band maximum (hereafter T (B) max ) in Figure 2 . We note that a single epoch of BV i-band optical photometry was also obtained at late phases. This epoch of data is used below to provide a lower limit on the UVOIR flux at +266d (see below).
Optical and NIR spectroscopy
Five epochs of early phase (+2d to +21d), low-resolution visual-wavelength spectroscopy of SN 2012Z was obtained by the CSP-II with the Nordic Optical Telescope (NOT+Alfosc), and the Magellan Clay telescope (+LDSS3). In addition, a single high-resolution optical spectrum was obtained on −7d with the Magellan Inamori Kyocera Echelle (MIKE; Bernstein et al. 2003 ) spectrograph attached to the Magellan Clay telescope. All low-resolution spectra were reduced in the standard manner using IRAF 1 scripts, while the high-resolution spectrum was reduced using the MIKE pipeline (Kelson 2003) following the methods described by Simon et al. (2010) . Complementing the early spectroscopy are 3 epochs of late phase (+194d to +248d), low-resolution spectra, which were obtained with SALT (+ RSS), the du Pont (+WFCCD) and Keck (+DEIMOS) telescopes.
A summary of our spectroscopic observations and those of Foley et al. (2013) is provided in the spectroscopic journal given in Table 5 . As seen in Figure 3 , our early phase spectra nicely complement the previously published spectra of SN 2012Z. The three late phase visual-wavelength spectra are plotted in Figure 4 .
Ten epochs of NIR spectroscopy were also obtained for SN 2012Z, and details concerning these observations are provided in Table 5 . This includes 5 epochs taken with the Magellan Baade telescope (+FIRE), 4 epochs with the Very Large Telescope (VLT+ISAAC), and finally, one epoch with the New Technology Telescope (NTT+Sofi). The FIRE spectra were reduced as described by Hsiao et al. (2013) , while the VLT and NTT spectra were reduced as described by Smartt et al. (2013) . The NIR spectroscopic sequence plotted in Figure 5 extends from −7d to +269d, and consists of the most comprehensive NIR time-series yet obtained for a SN Iax, including the first late phase NIR spectrum.
Dust extinction
The Milky Way color excess in the direction of NGC 1309 is listed in NED to be E(B − V ) MW = 0.035 ± 0.012 mag (Schlafly & Finkbeiner 2011) , which when adopting a Fitzpatrick (1999) reddening law characterized by an R V = 3.1, corresponds to A V = 0.11 mag.
Estimating the level of reddening that affects the emission of supernovae due to dust external to the Milky Way (MW) is a challenging prospect, particularly for peculiar types that do not have well-defined intrinsic colors. One must therefore find alternative methods to estimate host reddening. In the case of SN 2012Z, we first examine the host-galaxy color-excess value inferred from the broad-band optical and NIR light curves of the normal Type Ia SN 2002fk, which occurred in an inner region of NGC 1309. From a detailed analysis of its broad-band colors, Cartier et al. (2014) estimate the color excess along the line-ofsight of SN 2002fk to be E(B − V ) host = 0.057 ± 0.036 mag. As SN 2012Z is located in the outskirts of NGC 1309 one may expect that it suffered a similar level or even less reddening.
Using the high-resolution MIKE spectrum, we next explored if a more direct handle on the host reddening could be obtained via column density measurements of neutral sodium and potassium inferred from host absorption components of the Na i D λλ5890, 5896 and K i λλ7665, 7699 doublets. Line fits computed using the Voigt profile fitting program VPFIT provided column densities of log 10 N Na i = 12.79 ± 0.09 cm −2 and log 10 N K i = 11.30 ± 0.09 cm −2 . These values give a N Na i to N K i ratio that is perfectly normal for the MW (see Phillips et al. 2013 , Figure 13 ). Adopting the MW relations between log 10 N Na i and log 10 N K i vs. A V , as derived by Phillips et al. (2013, see their Equations 4 and 5) , implies visual extinction values of A V (Na i) = 0.45 ± 0.24 mag and A V (K i) = 0.50 ± 0.36 mag, respectively. Phillips et al. (2013) also recently showed that the 5780Å diffuse interstellar band (DIB) can provide a robust means to estimate host reddening. Under close inspection of the highresolution spectrum of SN 2012Z this feature is not detectable. However from the signal-to-noise ratio of the MIKE spectrum at the expected position of this feature, a 3σ upper limit on the equivalent width of EW(5780) ≤ 35 mÅ is estimated. Adopting the Phillips et al. (2013, see their Equation 6 ) MW relation that connects log 10 EW (5780) to A V then implies an A V ≤ 0.18 ± 0.09 mag. This value and those derived from Na i and K i doublets are generally consistent, and when combined via a weighted average imply an A V = 0.23 ± 0.08 mag, which when adopting an R V = 3.1, corresponds to a host galaxy color excess E(B − V ) host = 0.07 ± 0.03 mag. Interestingly, this value is fully consistent with what is derived from the broad-band colors of SN 2002fk. In what follows we adopt this value for the host reddening of SN 2012Z, and when combining with the MW component, gives the total color excess E(B − V ) tot = 0.11 ± 0.03 mag.
Results
UV, optical and NIR light curves
The photospheric phase optical light curves of SN 2012Z plotted in Figure 2 consist of dense photometric coverage, while the UV light curves are of considerably lower quality, and the NIR light curves contain only a handful of epochs, beginning well after maximum. The optical light curves reveal the characteristic bell-shape appearance that is typical of stripped-envelope supernovae, indicative of a rather low ejecta mass. Similar to other bright SNe Iax, the r-and i-band light curves appear broad and slowly evolving as compared to the bluer bands. In addition, the r-and i-band light curves show no evidence for a secondary maximum, which is a defining characteristic of normal SNe Ia (Hamuy et al. 1996) . Interestingly, the uvw2-and uvm2-band light curve are found to be already declining 8 days before T (B max ), while the uvw1 light curve appear to be at peak brightness. Clearly, the UV light curves reach maximum well before the optical light curves.
Light curve parameters were measured from Gaussian Process functional fits to the optical light curves using software contained within the light-curve fitter SNooPy (Burns et al. 2011) . The fit parameters consist of: (i.) the time of maximum, (ii.) peak apparent magnitude and, (iii.) an estimate of the decline-rate parameter, ∆m 15 2 . These fit parameters are listed in Table 6 , along with those measured from the revised photometry of SN 2005hk (see Appendix), accompanied with robust uncertainties derived via Monte Carlo simulations. The light-curve fit parameters indicate that the bluer the light curve the earlier maximum is reached, with a ∆t ≈ 13 day difference between the time of u-and i-band maxima, and the redder the light curve the smaller its decline-rate. The decline-rate ranges from as much as 1.92±0.08 mag in the u band, all the way down to 0.54±0.04 mag in the i band. Figure 7 shows the (B − V ), (V − r) and (V − i) color evolution of SN 2012Z compared to that of the Type Iax SN 2005hk and the normal, un-reddened Type Ia SN 2006ax. The color curves of both SNe Iax have been corrected for MW and host reddening. Overall the colors and the color evolution of SNe 2005hk and 2012Z are very similar, with the former appearing marginally bluer. At the start of the observations the color curves of SN 2012Z are at their bluest. They then slowly evolve and reach a maximum value in the red around 20 days past T (B) max , at which point an inflection is observed followed by a linear evolution with a negative slope. The color evolution of the two SNe Iax also have a similar overall shape to normal SNe Ia, but with colors that are consistently redder as the supernovae evolve. It will be interesting to see in the future, as more well-observed, bright SNe Iax become available, if this family of objects displays intrinsic colors or color evolution which could allow for an accurate estimation of the host extinction.
Absolute magnitudes, UVOIR light curve, and light curve modeling
With estimates of peak apparent magnitude for the ugriBV bands in hand, peak absolute magnitudes were computed adopting an E(B − V ) tot = 0.11 ± 0.03 mag and the direct distance measurement µ = 32.59 ± 0.09 mag. The resulting peak values are listed in Table 6 3 , with accompanying uncertainties that account for both the error in the fit to the time of maximum, and the error associated with the distance to the host galaxy. Reaching an absolute peak B-band magnitude (M B ) ≈ −18.3±0.1 with ∆m 15 (B) = 1.43 ± 0.02 mag, SN 2012Z is among the brightest and slowest declining SN Iax yet observed. This is demonstrated in Figure 6 , where the location of SN 2012Z in the M B vs. ∆m 15 diagram is shown compared to a handful of other well-observed SNe Iax, and an extended sample of SNe Ia observed by the CSP.
Armed with the broad-band photometry of SNe 2005hk and 2012Z, we proceeded to construct UVOIR bolometric light curves. For SN 2005hk we adopted the early phase photometry presented in Appendix A, as well as the late phase photometry published by Sahu et al. (2008) . The early phase filtered light curves of both objects were fit with spline functions, which allowed us to fill in missing gaps in the data based on interpolation. For SN 2012Z the u-band light curve was extended so that its temporal coverage matched that of the other optical filters. To do so, we resorted to extrapolation by adopting an average 2 The light curve decline-rate parameter, ∆m15, is defined as the magnitude change from the time of maximum brightness to 15 days later. For normal SNe Ia, ∆m15 correlates with the peak absolute luminosity in such a way that more luminous objects exhibit smaller ∆m15 values (Phillips 1993) , however this is not the case for SNe Iax (see e.g., Figure 6 ). 3 To derive absolute magnitudes of SN 2005hk (and absolute luminosity, see Section 4.2), we have adopted a distance modulus of µ = 33.46 ± 0.27 mag (Phillips et al. 2007 ) and the total color excess value E(B − V ) host = 0.11 mag.
(u − B) color derived from the last three epochs in which uband photometry was obtained.
With the definitive observed light curves in hand, the photometry was corrected for extinction, and then converted to flux at the effective wavelength of each passband. This allowed us to construct SEDs spanning from ∼ 300 to 2500 nm. The full series of SEDs were then summed over wavelength using a trapezoidal integration technique, assuming zero flux beyond the limits of integration. Due to our limited NIR photometric coverage of SN 2012Z it was necessary to account for the NIR contribution of the flux. Given the close resemblance between the peak luminosity, light curve shape (see Section 6), and color evolution between SNe 2005hk and SN 2012Z, we resorted to adopting the fraction of NIR flux estimated from the full optical/NIR spectral energy distribution (SED) of SN 2005hk. The final UVOIR light curves of SNe 2005hk and SN 2012Z are plotted in Figure 8 , with the associated error-bars accounting for uncertainties in the photometry, total reddening, and distance. Note that also over plotted in Figure 8 are a handful of flux points of SN 2012Z, which were computed using its optical and limited NIR photometry. These points are in full agreement with the UVOIR flux points of SN 2012Z that contain the contribution of NIR flux estimated from SN 2005hk.
To derive rough estimates of the explosion parameters for these SNe Iax, we turned to toy model fits of the UVOIR light curves based on Arnett's equations (Arnett 1982) , following the implementation described by Valenti et al. (2008) . The key parameters of interest are the amount of radioactive 56 Ni synthesized during the explosion, the ejecta mass (M ej ), and the explosion energy (E K ). The model calculations rely upon a number of underlying assumptions and therefore the results should be approached with caution. With this caveat in mind, the model assumptions include: complete energy deposition supplied from the radioactive decay chain 56 Ni→ 56 Co→ 56 Fe, spherical symmetry, homologous expansion of the ejecta, no appreciable mixing of 56 Ni, a constant optical opacity (i.e. κ opt = 0.1 cm 2 g −1 ), and the diffusion approximation for photons. A key input parameter in computing the model calculations is a measure of the expansion velocity (v ph ) of the ejecta. From a detailed inspection of the optical spectral features of SN 2012Z (see Section 4.3), this parameter is estimated to range between 7, 000 v ph 9, 000 km s −1 . In the case of SN 2005hk, based on velocity measurements presented by Phillips et al. (2007) and McCully et al. (2014a) , we infer the range 5, 000 v ph 7, 000 km s −1 . For both objects a grid of models was computed that encompasses the appropriate range of v ph . Final best-fit model calculations are over-plotted in Figure 8 These rough estimates of the explosion parameters are in essence based on Arnett's Rule and the the photospheric expansion velocity, v phot . It should be stressed that a portion of the large range in the estimated parameters is due to the degeneracy between the E k , M N i and M ej , and the reliance on, in effect, a single bolometric light curve. Furthermore, we note that the estimated values of the various explosion parameters do not capture enough of the physical variations displayed by the various suite of SNe Ia explosion models found in the literature. Even for normal SNe Ia, Arnett's Rule is but a useful means of obtaining a qualitative understanding of the relation between the mass of 56 Ni produced and the peak brightness.
In particular, due to the strong temperature dependence of the opacity, opacities vary by two and a half orders of magnitude at each phase of the evolution of the supernova . This opacity variation is required in order to reproduce the brightness decline-rate relation (Hoeflich et al. 1996; Pinto & Eastman 2001; Maeda et al. 2003; Baron et al. 2012 ). Attempts to account for both gamma-rays escape and energy stored within the expanding ejecta due to variations in the diffusion time and non-constant opacities, have led to further parameterization to the standard form of Arnett's Rule. This is normally accomplished by the introduction of the parameter, α, which leads to L max bol ≈ αṠ(t max ). The parameter α is thought to lie somewhere in the range 0.7 ∼ < α ∼ < 1.5 (e.g. Branch 1992; Hoeflich & Khokhlov 1996) . 4 With such a large range in α, attempts to use Arnett's Rule for quantitative analysis will only be accurate to about 50%.
SNe Iax light curves are characterized by a short rise time as compared with normal SNe Ia. The hydrodynamics is determined by the total ejected mass and the total energy produced by thermonuclear fusion; however, the light curves are determined not by the total mass, but rather by the optical depths, that is the product of the column density and the opacities. As the opacities vary by several orders of magnitude over time as well as varying with abundances and ionization stage, a change of the opacity by a factor of two is equivalent to a variation in the mass by ∼ √ 2. Choosing a constant opacity to fit with the risetime is equivalent to fixing the mass scale and the opacity choice of Arnett's Rule is tuned to the choice of a Chandrasekhar mass.
In Section 5 we attempt to gain an additional handle on the explosion parameters of SN 2012Z through comparison of the observations to modern explosion models.
Early phase spectroscopy
The sequence of early phase visual-wavelength spectra plotted in Figure 3 reveals all of the quintessential features of a SN Iax located at the bright end of the luminosity distribution. At the earliest epochs, SN 2012Z exhibits a "hot" continuum dotted with prevalent iron features. These characteristics are reminiscent of early spectra of luminous 1991T-like SNe Ia, however, they differ substantially at late phases. The blue portion of the −9d spectrum exhibits clear features produced by Ca ii H&K, Fe ii λ4555 and Fe iii λλ4404, 5129, while red-wards of ∼ 5000Å the spectrum is relatively smooth, showing only subtle notches at the expected locations of the IMEs S ii λλ5454, 5640 and Si ii λ6355. By maximum, the strengths of these IME features mildly increase, however soon thereafter, their presence is diluted by the emergence of numerous permitted lines of Fe ii and Co ii (see Branch et al. 2004 , for detailed SYNOW fits to similar epoch spectra of SN 2002cx). Simultaneously, a conspicuous absorption feature attributed to the Ca ii NIR triplet emerges, and subsequently grows in strength over the duration of a fortnight. Finally, we note that the near maximum spectra of SN 2012Z shows a weak feature that has been attributed to C ii λ6580 (see Foley et al. 2013 , for a discussion).
The NIR spectral time-series of SN 2012Z presented in Figure 5 contains both the earliest and latest observed epochs of any SN Iax published to date, and therefore provides unique insight into the SN Iax class. Similar to normal SNe Ia observed at very early times, the earliest epoch (−7d) NIR spectrum of SN 2012Z exhibits a rather blue, featureless continuum. Several days later, just prior to maximum the spectrum reveals a shallow feature at wavelengths expected for Mg ii λ1.0952 µm. There is also weak evidence of C i lines at 0.9093, 0.9406, 1.0693 µm, which have been clearly identified in the subluminous Type Ia SN 1999by (Hoeflich et al. 2002) . As the SN ejecta expands, the photosphere recedes into the inner regions, resulting in a reduction of the continuum flux, while line features largely associated with Fe-group elements emerge. The evolution of the spectrum and the emergence of Fe-group features tends to occur on a faster timescale in SNe Iax as compared to normal SNe Ia.
Close inspection of the post maximum spectra reveals that by +22d, Co ii features dominate the NIR spectrum red-wards of 1.5 µm. This is expected, owing to the fact that Co ii features are known to be ubiquitous to the NIR spectra of all other SNe Iax observed to date (see Stritzinger et al. 2014 ). Turning to the last two observed NIR spectra, minimal evolution of the overall line features is observed to occur between +58d and +269d. Finally, we note that the NIR spectra of SN 2012Z do not exhibit any compelling evidence for spectral features related to He i (White et al. 2014) .
The time-evolution of the blue-shifts of a handful of ions present in the early spectra of SN 2012Z were measured in order to estimate the velocity distribution of the emitting regions of the ejecta. The results of which are shown in Figure 9 , and include IME ions of Ca ii H&K, Si ii λ6355, C ii λ6580 and Ca ii λ8498, as well as the iron lines Fe ii λ4555 and Fe iii λ4404, λ5129. The expansion velocity measurements reveal that these ions are related to material with relatively low velocities, all consistently below 10,000 km s −1 . Interestingly, at +2d, ions attributed to Ca ii H&K, Fe iii λ4404 and Si ii λ6355 exhibit consistent line velocities of ≈ 7,500 km s −1 . This value is bracketed by velocities of Fe ii λ4555 and Fe iii λ5129, which are ∼ 1,000 km s −1 higher and lower, respectively. Inspection of Figure 9 also indicates that at a month past T (B) max the line velocities evolve rather slowly, with velocities ranging between 6,000 and 8,000 km s −1 . Taken together the line velocities inferred from the spectroscopic sequence of SN 2012Z suggests a rather low explosion energy compared to normal and overluminous SNe Ia.
To gain a handle on the radial structure of IMEs in the outer layers of the ejecta, we measured the blue wing velocities in addition to the absorption minima. Blue wings are important since they will not appear if the particular ion does not exist at that velocity. In particular we measured the velocities of the Si ii λ6355 and Mg ii λ1.0952 µm features. Metal lines are not appropriate since even primordial abundances of calcium and beyond can produce background lines. The Si ii blue wing is measured to be v ≈ −11, 000 km s −1 on −8d and v ≈ −10, 000 km s −1 on +1.8d, while Mg ii is measured with v ≈ −13, 500 km s −1 on −0.4d. These measurements along with the flat evolution of features in velocity space suggests a layered distribution of the IMEs in the outer ejecta (Nomoto, Thielemann & Yokoi 1984) . Similar abundance structures have been inferred from the spectral analyses of normal SNe Ia (Jeffery & Branch 1990; Hoeflich et al. 1995; Hoeflich & Khokhlov 1996; Baron et al. 2006; Dessart et al. 2014b) , and provides robust constraints on the explosion physics (see below).
Late phase spectroscopy
The late-phase visual-wavelength spectra of SN 2012Z (see Figure 4 ) contains nearly a dozen broad emission features, with the majority of cooling occurring through the most prevalent feature centered around ≈ 7400Å. This dominant emission feature peaks by a factor of 3 higher in flux than any of the other emission feature, and has a full-width-half-maximum (FWHM) velocity ∼ 10, 000 km s (Jha et al. 2006; Foley et al. 2013 ). The emission feature at ≈ 5900Å is likely formed from Na i D, while at ≈ 8300Å we find features which are more than likely formed by the Ca ii NIR triplet. The NIR triplet is commonly seen in SNe Ia and other supernovae, and is strong even at solar abundances. An alternative identification of the 5900Å feature could be [Co iii] λ5888 (Dessart et al. 2014a) . Note that we find a blend of [Co iii] λ5890, and contributions of [Co iii] λ5908 and [Fe ii] λ5872 in our reference model, but much weaker than observed (see Section 5.3).
Beyond these prevalent features, the late phase spectrum of SN 2012Z contain a multitude of low amplitude and low velocity (500-1000 km s −1 ) features. These features appear to be generic to the SNe Iax class, and have been linked to both forbidden and allowed transitions of iron (e.g. Jha et al. 2006; McCully et al. 2014a ).
We now turn to the examination of the late phase NIR spectrum of SN 2012Z, which to date, is the first of its kind obtained for a SN Iax. Plotted in Figure 10 is the comparison between our late phase (+269d) NIR spectrum of SN 2012Z, and a similar epoch spectrum of the normal Type Ia SN 2012fr. Clearly, SN 2012Z exhibits many of the same broad features as is seen in the normal SN Ia, particularly at the wavelength regions that correspond to the J and H passbands. Overall, the similarity between the two spectra is quite striking considering the discrepancy between the visual-wavelength late phase spectra between SN 2012Z and other SNe Iax in general, compared to normal SNe Ia (see Figure 11 ). Close inspection of the late phase NIR spectrum, albeit of low signal-to-noise, indicates that the [Fe ii] λ1.64 µm feature has a pot-bellied profile rather than a peaked profile. 5 Similar features have been previously observed in a handful of normal SNe Ia (e.g. Hoeflich et al. 2004; Motohara et al. 2006) , and as we discuss below, is a signature of high density burning.
Bridging observations to model calculations
In the subsequent section, we use the various observational properties of SN 2012Z described in the previous section as a guide to argue that the progenitor is consistent with the theoretical expectations of a pulsating delayed detonation (PPD) explosion of a Chandrasekhar mass (M Ch ) WD. To do so, we rely upon existing explosion models and link together model predictions to the various observables including amongst others: (1) the light curve properties, (2) the layered structure of the ejecta and, (3) the pot-bellied [Fe ii] 1.64 µm profile. The various lines of reasoning are then connected and summarized in Section 7 to provide a progenitor scenario to explain at least some SNe Iax.
Interpreting the broad-band emission through model comparison
SNe Ia explosions produce a form of stellar amnesia (Hoeflich 2006 ) and consequently, most explosion scenarios produce very similar structures, ranging from classical deflagration models like W7 to the inner structures of merger (Nomoto, Thielemann & Yokoi 1984; Benz et al. 1990; Livio 1989; Khokhlov 1991; Yamaoka et al. 1992; Hoeflich & Khokhlov 1996; Lorén-Aguilar, Isern & García-Berro 2009; Gamezo et al. 2003; Gamezo, Khokhlov, Oran 2005; Röpke, Woosley & Hillebrandt 2007; Seitenzahl et al. 2009; Pakmor et al. 2011) . The abundance distributions reflect the conditions under which burning takes place and therefore exhibit the imprint of the detailed physics that we discuss below. Delayed detonation models (DDT) give the overall chemical stratification where the burning propagates as a deflagration front and then transitions into a detonation (Khokhlov 1991; Yamaoka et al. 1992) . Within the DDT scenarios there are two realizations: (1) the WD becomes unbound during the deflagration phase (these are the DD models) and, (2) the WD remains bound at the end of the deflagration phase, then undergoes a pulsation followed by a delayed detonation transition. This latter scenario is called a pulsational delayed detonation (PDD). These two realizations form a sequence which merge at the regime where the WD just becomes unbound. In what follows a classical DD model is used as reference, as well as a PDD model with a large amplitude pulsation to span the range (Hoeflich et al. 1995; Hoeflich & Khokhlov 1996) . Beyond our own past work on PPD models, we note that Dessart et al. (2014b) have recently presented a suite of PDD models that cover the range of observed SNe Ia luminosities. Their results are similar to those of Hoeflich et al. (1995) ; Hoeflich & Khokhlov (1996) , and show that PDDs can encompass a wide variety of SNe Ia conditions.
We identified a set of simulations based on the spherical explosion of a M Ch WD, which inherently suppresses mixing. One particular simulation within a series of DD models was identified to exhibit the approximately correct brightness of SN 2012Z. This particular simulation, designated 5p0z22.16 (Hoeflich et al. 2002 ) is a DD model in which a subsonic deflagration burning front turns into a supersonic detonation wave and mixing in the deflagration phase is suppressed. 51 ergs, and also produces light curves where the primary and secondary NIR maxima merge into a single maximum (Hoeflich et al. 1995 (Hoeflich et al. , 2002 .
From the observed light curves, M Ch models are consistent with SN 2012Z within the uncertainties of ≈ 10% for different progenitors and ≈ 20% for different explosion scenarios (Hoeflich & Khokhlov 1996; Hoeflich et al. 2013 , and references therein). However, in 5p0z22.16 the photosphere recedes from a velocity of about 13, 000 km s −1 on −10d to about 9, 000 km s −1 by maximum light, which is too high compared to what is observed in SN 2012Z. Light curves capture the diffusion time scales of the energy production, but, as discussed below, it takes line profiles to probe the velocity distribution of the elements to understand the nature of SNe Iax.
Constraints from early phase spectroscopy
In what follows 5p0z22.16 is used as a reference model, but we must consider variations from it that can explain the features of SNe Iax in general, and SN 2012Z in particular. Namely, the model predictions of the photospheric velocities must match the observations. Although this model is a classical DD model, we can think of it as the first in a series of PDD models (Hoeflich et al. 1995) , but with a shell mass of zero. Below we consider the effects of variations on the shell mass and how this allows us to subdue the photospheric velocities to match those observed in SN 2012Z. We will be guided in our considerations by the results shown in Figure 10 of Quimby et al. (2007) . Due to the low density in the shell some of the original WD's carbon and oxygen (C+O) remains completely unburned in the outer layers. This is in distinction to the classical DD model where all of the material undergoes at least carbon burning.
Early-time spectra can be used to probe the decoupling region of the photons and give a unique measure of the velocity distribution of the elements. Thus, spectral observations probe the density under which burning took place. In velocity space, the 5p0z22.16 simulation (see Figure 3 in Hoeflich et al. 2002) shows products of explosive carbon burning, namely oxygen and magnesium, incomplete oxygen burning, that is silicon and sulphur, and complete burning close to nuclear statistical equilibrium (NSE), i.e. iron/cobalt/nickel (Fe/Co/Ni), in the velocity ranges of [13, 000 − 18, 000], [7, 000 − 14, 000] and [0 − 6, 000] km s −1 , respectively. An inner region of about 3, 000 km s −1 shows elements of stable isotopes of Fe/Co/Ni due to electron capture, a signature of high-density, M Ch models. Calcium is produced in the range [5, 000 − 13, 000] km s −1 , and is destroyed at lower velocities.
In the standard DD scenario for subluminous SNe Ia, specifically model 5p0z22.16, deflagration burning with mixing during the deflagration suppressed, only burns material up to velocities of about 4, 300 km s −1 , (see e.g., Fig. 1 in Hoeflich et al. 2002) . SN 2012Z shows Fe-group elements up to, at least, 9, 000 km s −1 (Figure 9 ), which is some 3, 000 km s −1 higher than where 56 Ni is produced during the detonation phase of the reference model. Fe-group elements are formed during high density burning beyond 1-2×10 7 g cm −3 , strongly suggesting mixing in a M Ch scenarios, or an increase in production of 56 Ni during the detonation phase.
An increased production of 56 Ni within the classicaldetonation scenario would lead to an even more extended region of IMEs than 5p0z22.16, which is inconsistent with SN 2012Z. Detonations in smooth density structures will unavoidably produce extended distributions of IMEs in velocity space or if the density is high, hardly any production of IMEs. Because the specific energy production depends on the nuclear processes, the latter case would also produce high velocity 56 Ni Hoeflich & Khokhlov 1996) . We note that the same arguments would apply to sub-M Ch explosions triggered by the igni-tion of an outer helium layer (Woosley, Weaver & Taam 1980; Nomoto 1982; Woosley & Weaver 1994; Hoeflich & Khokhlov 1996; Nugent et al. 1997; Sim et al. 2012 ).
Mixing may occur both during the deflagration phase of burning and during a pulsation phase of the WD prior to the initiation of the detonation, while the detonation phase leads to a layered structure. During the last decade, significant progress has been made in our understanding of the deflagration phase. On a microscopic scale, a deflagration propagates due to heat conduction by electrons. However, all current simulations have found burning fronts to be Rayleigh-Taylor (RT) unstable increasing the effective burning speed, predicting homogeneous mixing of products of incomplete and complete burning (Livne & Arnett 1993; Livne 1993; Khokhlov 1995; Gamezo et al. 2003; Reinecke, Hillebrandt & Niemeyer 2002; Gamezo, Khokhlov, Oran 2005; Röpke, Woosley & Hillebrandt 2007; Seitenzahl et al. 2009 Seitenzahl et al. , 2013 . As seen in Figure 9 , mixing of IMEs and calcium is not observed in SN 2012Z at velocities less than ≈ 6, 500 km s −1 . Ca II is commonly seen in SNe Ia even in the outer layers, that at most undergo carbon burning at solar metallicities (see for example Lentz et al. 2000) , arguing against mixing of the inner layers during a deflagration burning phase.
Both mixing and an upper limit for the distribution of burning products can be understood in terms of models that undergo a pulsational phase prior to the detonation Hoeflich et al. 2004; Hoeflich & Khokhlov 1996; Livne 1999; Livne, Asida & Hoeflich 2005; Quimby et al. 2007; Dessart et al. 2014b) . In this class of PDD models, a M Ch WD remains bound after the deflagration phase. The deflagration mostly produces Fe-peak isotopes; subsequently, an extended envelope is formed. As the explosion progresses, and the bound shell falls back a detonation is triggered that leads to the production of IMEs and a massive shell. The mass of the shell determines the upper velocity limit of the burning products Hoeflich & Khokhlov 1996; Quimby et al. 2007) . To be aligned with SN 2012Z's measured blue wing velocity of Si ii (see Section 4.3), a shell mass of ≈ 0.05 − 0.12 M ⊙ is required (see Figure 10 in Quimby et al. 2007 ). In addition the blue wing velocity of Mg ii is consistent with a shell mass of ∼ 0.08 M ⊙ . Early multi-dimensional calculations indicated that WDs become unbound during the deflagration phase (Gamezo et al. 2003; Röpke, Woosley & Hillebrandt 2007) , but this conclusion depends sensitively on the assumption for the thermonuclear runaway (Livne, Asida & Hoeflich 2005 ). This strong dependency on the basically unknown initial conditions of the WD is an obstacle for fitting details of a specific supernova, but is consistent for the wide variety of properties displayed by SNe Iax.
It is well known that weak interaction/pulsation or the presence of a low-mass buffer around the exploding white dwarf can dramatically alter the outer ejecta layers of the SN Ia explosion (Hoeflich et al. 1995; Hoeflich & Khokhlov 1996; Dessart et al. 2014b) . The specific properties of the pulsation can affect the appearance of C i, C ii, and O ii lines The presence or absence of C i, C ii and O ii is also sensitive to the details of the excitation. Some realizations within PDD and DD models do in fact show strong optical and NIR C i and C ii lines (Hoeflich et al. 2002; Dessart et al. 2014b) . However, C ii λ6580 lines at velocities as ∼ 7, 000 km s −1 (Fig. 9) is somewhat in contradiction with also weak C i λ1.0694 µm in the NIR at higher velocity (∼ 10, 000 km s −1 ). Alternative identifications for the optical feature are due to lines of Co ii and Si ii.
We note that in PDDs there can be extra energy left over from shock heating in the unburned regions with may lead to higher temperatures than in classical DD models (Dessart et al. 2014b ). Some energy from interaction my be also lead to higher temperatures and hotter spectra ). Mixing of radioactive material through the C+O region is disfavored as we have already discussed above.
Late phase spectroscopy
Independent of the details of the explosion scenario the inner regions of SNe Ia ejecta are quite similar. Modulations due to variations in PDD models do not impact the bulk of the inner regions of the ejecta for models that produce the same amount of 56 Ni (Hoeflich et al. 1995; Hoeflich & Khokhlov 1996; Dessart et al. 2014b ). As discussed above we can probe the 56 Ni distribution using our reference model.
Methods
Calculations of explosions, light curves, and spectra are performed using the HYDro RAdiation transport (HYDRA) code (Hoeflich 1990; Hoflich 1995a; Hoeflich 2003; Hoeflich 2009a) . HYDRA solves the hydrodynamics using the explicit Piecewise Parabolic Method (PPM Colella & Woodward 1984) , detailed nuclear and atomic networks (Cyburt et al. 2010; Kurucz 1994; Hoflich 1995a; Seaton 2005 Friesen et al. (2014) , and "The Atomic Line List V2.05B18" at http://www.pa.uky.edu/˜peter/newpage/ by Peter van Hoof. For the overall evolution, we use simplified atomic models limited to about 2,000 -10,000 discrete levels using "level merging" or superlevels (Anderson 1989; Dreizler & Werner 1993; Hubeny & Lanz 1995; Schweitzer et al. 2000; Hillier 2003; Hoeflich 2003; Hoeflich 2009a) . To compute NIR line profiles, we do not use superlevels but calculate the emission by postprocessing of the background model Penney 2011; Sadler et al. 2012; Hoeflich et al. 2013 ). Nevertheless, line ratios and excitation state depend sensitively on collisional de-excitationuncertainties in the collisional cross sections have been and continue to be the main uncertainies in determining the level populations (Axelrod 1980; Bowers et al. 1997; Liu et al. 1997; Gerardy et al. 2007 ).
Spectral Analysis
All thermonuclear explosion models show centrally peaked density profiles, therefore at late times, due to simple geometrical dilution line formation should occur closer to the center at lower velocities yielding narrow line profiles. In fact, if we see to the center the line profile should peak at zero velocity, due to the central caustic. However, due to the mass-radius relation of WDs, lower mass progenitors will have significantly lower central densities. If the central density becomes very low, such as in a sub-Chandrasekhar detonation or merger, than calcium will not be burned at low velocity, as noted above.
The low velocity Fe-group material seen in the late phase visual-wavelength spectra are a natural result of the PDD scenario, but can also be explained by pure deflagration models that produce very low energy explosions (see, for example Reinecke, Hillebrandt & Niemeyer 2002) , as well as by deflagrations leaving bound remnants Fink et al. 2013) , and merger models (Piersanti et al. 2003; Pakmor et al. 2011) .
Late phase spectra beyond 200 days are dominated by forbidden emission lines which are powered by positrons originating from the β + decay of 56 Co. At this phase, hard γ rays from the decay escape for all classes of explosion scenarios . Up to about one year after the explosion, the mean free path of positrons is small, leading to local energy deposition and excitation of levels (Milne et al. 2002; Penney 2011; Sadler et al. 2012 . Eventually, the IR-catastrophe (Fransson, Houck, Kozma 1994 ) is expected to cause a redistribution of the energy deposition to the NIR and beyond, however light curve observations of SNe Ia constrain this possible phase to much later epochs than considered in this paper (Sollerman et al. 2004; Strizinger & Sollerman 2007; Leloudas et al. 2009; McCully et al. 2014a ). Fig. 12 shows the comparison between the +215d optical (left panel) and +269d NIR (right panel) spectra of SN 2012Z compared to the +220d reference model. As discussed above, the spectra are dominated by single and doubly ionized lines of iron group elements, with almost all of the optical features formed from blends of various species. Many of the more prevalent observed features are reproduced by the synthetic spectrum, however some discrepancies are apparent. The prominent ∼7400Å feature is well-matched by the synthetic spectrum. However, the observed feature is slighly asymmetric on the blue wing, whereas the synthetic feature shows multiple components formed by [ In addition, we see [Fe ii] λ8619.3 and [Fe iii] λλ8840.6, 9036.0 though it appears slightly too low, most likely due to discrepancies in the atomic line data. [C i] λ8729.5 may contributes to the observed feature at ∼ 8600Å; however, in the reference model, it forms at too high a velocity and is not the dominant transition. Another interesting feature present in both the models and SN 2012Z is the [O i] λλ6302.0, 6302.0, 6393.5 triplet, which appears rather weak. The weak oxygen excitation expected in both DD and PDD models is due to the separation of 56 Ni and the region of explosive oxygen burning (that is where silicon and sulfur are formed), if mixing in the PDD scenario remains limited to a region smaller than the Si/S shell, as it appears to be in SN 2012Z.
The NIR synthetic spectrum of Figure 12 also Motohara et al. 2006; Maeda et al. 2010 ). Because of the structure of the atomic levels, the relatively unblended [Fe ii] 1.64 µm line is a particularly good tracer of the inner region. In a handful of the SNe Ia observed several hundred days past maximum, NIR emission lines have been found to exhibit pot-bellied profiles. This observational characteristic is the hallmark of M Ch WD progenitors that explode with high central densities, of the order 10 9 g cm −3 Motohara et al. 2006; Hoeflich et al. 2006; Fesen et al. 2007; Gerardy et al. 2007; Maeda et al. 2010; Hoeflich et al. 2013) . At masses close to the M Ch , central densities can become sufficiently high that electron capture processes shift the NSE distribution to stable isotopes of Fe/Co/Ni, leaving a 56 Ni hole at the center of the supernova ejecta, and thereby generate the pot-bellied profiles. This produces a central hole in 56 Ni of about 3000 km s −1 without mixing, very similar to SN 2003du and SN 2003hv Motohara et al. 2006) . As pointed out in Section 4.4, the [Fe ii] λ1.64 µm feature of SN 2012Z also exhibits a pot-bellied profile (see Figure 10) , providing an additional indication that its progenitor was at or near the M Ch .
For clarity on this point, in Figure 13 , we show the effect of the 56 Ni distribution on the late phase (+269d) [Fe ii] λ1.64 µm line profile. Here the observed feature (black line) is compared to the model calculations of 5p0z22.16 at +220d for two cases: (1) a hole in the 56 Ni distribution of ∼3,000 km s −1 (blue line) and, (2) with the 56 Ni placed at the center of the ejecta (red line). A magnetic field of 10 6 G has been assumed. The blue line is clearly pot-bellied, as in the case of subluminous SNe Ia at the same epoch, because some ≈ 6% of all gamma rays excite the high density, central region (Hoeflich et al. , 2002 .
The case for a M Ch explosion is quite strong, lower initial WD masses would produce 56 Ni confined to the central regions, due to the lower densities in lower mass WDs. More centrally confined 56 Ni would have longer diffusion times, thus falling closer to the the light-curve brightness decline-rate relation and it would not produce the observed spectra since the longer diffusion times would lead to cooler (redder) light curves and spectra more similar to fast decliners like SN 1991bg. Moreover, the persistent pot-bellied line profiles in the NIR require high densities only found in M Ch explosions.
Further Comparison Between SN 2005hk and SN 2012Z
In this section we further explore the commonalities between the observational properties of SNe 2005hk and 2012Z. The former of these objects is a well-observed SN Iax that has been previously documented to be similar to the prototypical Type Iax SN 2002cx (Phillips et al. 2007; Sahu et al. 2008) . As previously highlighted, SNe 2005hk and 2012Z exhibit comparable declinerate values (Figure 6 ), color curves (Figure 7) , and peak luminosity (Figure 8) . We now proceed to compare the shape of their light curves, and their optical and NIR spectra at various epochs. Plotted in Figure 14 is the comparison of the uvw1-and ugriBV -band light curves of both supernova plotted vs. T (B) max , where the filtered light curves of SN 2005hk have been shifted to match the peak magnitudes of SN 2012Z. Overall the shape of the optical light curves are exceedingly similar, with perhaps the only subtle difference being that SN 2012Z appears to rise to maximum brightness at a slightly faster rate. This is consistent with the 56 Ni being distributed somewhat closer to the surface, leading to shorter diffusion times. Figure 15 is a comparison between the −8d, +2d and +21d visual-wavelength spectra of SN 2012Z, and similar epoch spectra of SN 2005hk (Phillips et al. 2007) . Overall the two objects are remarkably similar, exhibiting similar continua, and nearly identical spectral features at all epochs. Comparing the expansion velocities of SN 2005hk (see Phillips et al. 2007 , their Figure 9 ) and SN 2012Z (see Figure 9) , shows that the latter consistently exhibits v exp values which are about 1500 km s −1 higher for all ions. The similar magnitude v exp values between the two events is indicative that they had comparable explosion energies, while the broader line widths observed in SN 2012Z can be attributed to an optical depth effect caused by its 56 Ni distribution extending to higher velocities. This suggests that the 56 Ni was produced in different regions in SN 2005hk and SN 2012Z, implying that the explosion mechanism varied either due to some variation in a violent merger or more likely, that they both occurred due to a PDD explosion (Khokhlov 1991; Hoeflich & Khokhlov 1996) , where the mass of the pulsational shell varied leading to 56 Ni production further-in in SN 2005hk and further-out in SN 2012Z. Thus, we can think of the variation between SN 2005hk and SN 2012Z as variations in the kinetic energy of the 56 Ni, and not variations in the total kinetic energy of the explosion. Figure 16 shows a comparison between the NIR spectrum of SN 2012Z obtained at maximum (top panel) and three weeks later (bottom panel) to similar epoch spectra of SN 2005hk . At both epochs the spectra of the two objects are very similar, with the main difference again being the moderately higher blueshifts of the absorption features in SN 2012Z. Another noticeable difference observed in the bottom panel is that the strength of many of the absorption features appears stronger in SN 2005hk, particularly the [Co ii] lines located between ≈ 1.6-1.8 µm. This is due to the Fe-group elements in SN 2005hk being slightly more confined in velocity space. In fact, all of the line profiles are somewhat more confined in velocity space due to the more central nickel distribution in SN 2005hk.
Discussion
From the findings presented in the previous sections it is clear that SN 2012Z is among the brightest and most energetic SN Iax yet observed, further extending the parameter space of this peculiar class of transients. It is also apparent that objects populating the bright end of the SN Iax luminosity distribution exhibit exceedingly similar observational parameters. In Section 4.2 we derived explosion parameters based on a number of underlying assumptions that provide model fits to the UVOIR light curves of SNe 2005hk and 2012Z. The model fits suggest
56 Ni values ranging between 0.2-0.3 M ⊙ , E K values of ≈ 10 51 erg, and ejecta masses consistent with M Ch .
We have presented a possible explosion scenario that explains the nature of at least some SNe Iax. This involves a PDD explosion of a near M Ch WD . The production of Fe-group elements occurs in the deflagration phase (in distinction to normal SNe Ia where the Fe-group elements are primarily produced in the detonation phase, leading to a more layered or radially stratified structure). Our scenario explains both the photospheric velocities of the IMEs, as well as the high densities required by the late phase NIR spectra. The production of 56 Ni closer to the photosphere also simply explains the blue colors and hot spectra. From our reference model and the series of PDD models of Hoeflich et al. (1995) we would find the total mass of 56 Ni to be 0.15 and 0.2 M ⊙ , respectively. SN 2012Z provides a uniquely large data set which allows for a detailed analysis covering a wide range of observables unparalleled even for typical SNe Ia. The nature of SN 2012Z is a theoretical challenge, because several key physics aspects in thermonuclear explosions are not well understood, such as: the progenitor evolution; the thermonuclear runaway; rotation; and so on, making fully self consistent models a goal for the future. These problems lead to the wide variety of models suggested for SNe Iax.
Using both analytic and numerical models as benchmarks, we were able to develop constraints for SN 2012Z based on multiple observables. The light curves suggest a massive, close to M Ch , WD as the progenitor. From the peak brightness we may estimate the mass to be within ∼ 0.2 M ⊙ of M Ch . This view is supported by the pot-bellied, late time NIR line profiles that can be understood by high-density burning taking place at densities in excess of 10 9 g cm −3 , which puts the progenitor within about 0.02 M ⊙ of the M Ch . The other, less stringent constraint, M > 1.2M ⊙ , is from the lack of Ca II (and other IMEs) at low velocities, which even at solar abundance, produces very strong features in the optical and NIR. Thus, solar abundance primordial calcium must have been burned at low velocities.
Light curves are mostly determined by diffusion time scales, that is, their appearance is dictated by the nature of the innermost regions. The light curve rise time is determined by the nickel distribution. Even with M Ch progenitors, fast rise times and slow declines can be reproduced ). Within this model elements produced in the deflagration will be mixed, while those produced in the detonation will have a layered structure. Note that the detonation running through the material previously burned in the deflagration will reproduce the layered structure.
PDDs are similar to deflagrations, but have a detonation phase which produces a layered structure without requiring a bound remnant. Because PDD models may vary in the ratio of energy released to binding energy (Quimby et al. 2007 ) they produce a wide range of 56 Ni masses. Also since the shell mass may vary, a range of unburned C+O in the outer layers can also be in PDDs.
The similarity between SN 2012Z and SN 2005hk suggests very similar properties of the exploding WDs. However, SN 2012Z has undergone relatively enhanced mixing to bring Fe-group elements to the base of the incomplete oxygen burning (Si/S) region. All multidimensional models predict mixing by RT instabilities which produce an almost homogeneous mixing of the layers of IMEs with those below. In SN 2012Z, we see a layered structure, the signature of detonations, for calcium, silicon, and magnesium. This suggests that these elements are produced in a detonation phase after the mixing has occurred and the majority of Fe-group elements have been synthesized. RT instabilities in the deflagration phase seem to be a stable feature from the hydrodynamical view making deflagration models much less favorable as compared to models that result in the layered structure observed in SNe Ia. Detonation fronts in a WD will produce IMEs in a wide velocity range due to the smooth density structure and thus, slowly varying burning conditions. An exception to this picture can be found in the PDD models, where low densities in an shell prevent burning to the Fe-group by a detonation, and limit the expansion velocities of the burning products. For SN 2012Z, we need a shell mass of about 0.05-0.12 M ⊙ to be consistent with the low range of velocities observed in IMEs of SN 2012Z. We also need little or no production of 56 Ni during the detonation phase. PDDs model will not show signatures of narrow (low velocity) oxygen features at late phases because oxygen is consumed during the detonation phase. Moreover, as the expansion velocities of SNe Iax are roughly half of what is observed in normal SNe Ia, densities are kept sufficiently high to suppress spectra dominated by forbidden lines of Fe-group elements out to eight times later than observed in SNe Ia, or roughly two to three years past explosion.
Because most of the 56 Ni production is during the deflagration phase, we expect a wide variation in the ∆m 15 relation compared to normal SNe Ia in which most of the 56 Ni is produced during the detonation phase. This is due to the fact that the amount of 56 Ni produced and its spatial distribution will depend sensitively on the mixing during the deflagration phase, rather than the smooth layered nickel distribution produced in the detonation phase.
PDD models synthesize abundances of 56 Ni that range from near zero to 0.8 M ⊙ , and therefore offer the flexibility to produce both bright and dim events. While our proposed model seems to do a reasonable job of explaining the moderately bright SN 2005hk and SN 2012Z, and perhaps also the low luminosity SN 2010ae, we should stress the limitations of our analysis. It is not yet clear whether all SNe Iax are a homogeneous class, or like SNe Ia, will show wide variations. Our analysis here has only been a qualitative description of our scenario. To understand how widely applicable it is to SNe Iax as a class a detailed parameter study with radiative transfer needs to be compared to large datasets of individual SNe Iax.
A common problem with both the PDD model and models with C+O shells, depending on the mass and the amplitude of the explosion, may be the optical depth of the shell during early times which could lead to high velocity calcium and other background metal lines. Accretion from a helium or low metallicity star may reduce this problem due to the low opacity of both unexcited helium (since gamma-rays are shielded from the surface). If there is a significant unburned C+O shell then CO molecules may form which would provide an important coolant and should be visible in the mid infrared (Hoeflich et al. 1995) .
Pure deflagration models have been suggested as a candidate scenario for SNe Iax since they can produce a wide range of kinetic energies, and peak brightnesses (Phillips et al. 2007; Sahu et al. 2008) . Depending on the initial conditions, pure deflagrations may or may not leave a bound remnant (Reinecke, Hillebrandt & Niemeyer 2002; Fink et al. 2013) . Recently a suite of model calculations has been presented, especially designed for SNe Iax, that consist of C+O WDs that undergo deflagration driven disruption leaving bound remnants (Jordan et al. 2012; Fink et al. 2013; Kromer et al. 2013) . Kromer et al. (2013) presented a pure deflagration model leading to a bound remnant of nearly 1 M ⊙ , which produces enough 56 Ni to account for the peak brightness of SN 2005hk. Their model does a reasonable job of fitting the photospheric phase optical spectral around maximum light, and the fast rise and slow late-time decline of the light curve of SN 2005hk. In this model the remnant serves to explain the absence of late-time oxygen lines that are produced by the incomplete burning and mixing inherent in pure deflagration models.
Any model that involves a pure deflagration will give a non-layered structure with mixing of unburned material, IMEs, and Fe-group elements throughout the entire ejecta. In particular, this would produce low-velocity oxygen lines at late times (Kozma et al. 2005) . The model of Kromer et al. (2013) avoids the appearance of low velocity unburned material by leaving the central regions behind in the bound remnant, while not producing a radially stratified ejecta. Late-time spectra of SN 2012Z (see Figure 11 ) show shell like line profiles which may be produced in the bound remnant scenario, but the low mass may lead to the formation of true shell-like profiles, that is the formation of horned emission lines. It remains for future calculations to determine if the bound remnant model is able to produce disruptions that synthesize the small amounts of 56 Ni measured in the 2008ha/2010ae-like SNe Iax. In the same context, the PDD models that are found in the literature have also not been extended to the dimmest extent in order to be compared with the observations of the faintest members of the SNe Iax class.
In many respects, other models invoking detonations, such as dynamical merging scenarios and helium detonations can not be ruled out for SNe Iax as they may produce similar configurations as PDD models (Benz et al. 1990; Livio 1989; Lorén-Aguilar, Isern & García-Berro 2009; Pakmor et al. 2011; Shen et al. 2010; Ruiter et al. 2014 ). However, they may also be somewhat disfavored due the lack of polarization observed in SNe Ia and SNe Iax Maund et al. 2010; Patat et al. 2012) . Additionally the late phase spectra of SN 2012Z, seem to disfavor merger models due to lower densities in the progenitors which leads to 56 Ni all the way to the center (see Section 4.4).
Characteristics in favor of PDD-like models come from the advantages of combining attributes of deflagration and detonation models. As discussed above, the late phase spectra of SN 2012Z show evidence for burning at high densities.
The observational properties described in this paper for SN 2012Z have also not been probed for the majority of SNe Iax, due to incomplete data sets. We note that combining the observed characteristics from different SNe Iax could lead to wrong conclusions. Therefore we cannot exclude that a wide variety of scenarios may be realized within the SNe Iax class.
Understanding the nature of SNe Iax will also come from determinations about the progenitor system in individual cases. McCully et al. (2014b) have observed the progenitor system of SN 2012Z with HST via serendipitous measurements of the host galaxy. They find a stellar source for the progenitor, S1, which is luminous and blue. Examining the color magnitude diagram for S1, it is found that it is consistent with a massive blue supergiant, which is a very unlikely progenitor for SN 2012Z in any scenario. They conclude that they may be seeing the donor companion star, likely a ∼ 2 M ⊙ helium star. While the current observations are not completely aligned with our expectations of a hot disk as the source of S1, it is possible that the environment is contaminated enough that at least some of the light from S1 is indeed from the hot accretion disk. Nevertheless, the observed progenitor fits in with a single degenerate explosion which would be consistent with our proposed scenario. More will be learned from future observations of the putative progenitor when the light from the supernova has faded.
In conclusion, we stress that future efforts to model the SN Iax class should aim to provide robust radiative transfer calculations in order to compare to the detailed optical and NIR spectroscopic sequences now being routinely obtained at both early and late phases. We have shown that there are constraints that models must obey, but quantitative comparison with the full SNe Iax class requires a wide parameter study of the variety of mixing and pulsation properties. Such a study is underway, and should provide confirmation or not of whether PDD models may indeed provide a viable explosion model for SNe Iax. A subset of spectra from Foley et al. (2013) are plotted in black, and our previously unpublished spectra are shown in red. Phase relative to T (B) max is listed to the right of each spectrum. Telluric features are indicated with an Earth symbol. Note that spectra obtained on +2d, +9d, and +16d suffer from moderate fringing.
Figure 4: Late phase, visual-wavelength spectra of SN 2012Z obtained on +194d, +215d and +248d. Each spectrum has been slightly smoothed for presentation purposes. (Stritzinger et al. 2014 ), 2008ge (Foley et al. 2010 ), 2002cx (Jha et al. 2006 ), 2005hk (Sahu et al. 2008 , and 2012Z. Also shown are similar epoch spectra of the normal Type Ia SN 1998bu, (Silverman, Ganeshalingam & Filippenko 2013) , the Type Ib SN 2007Y , and the subluminous Type IIP SN 2008bk (Stritzinger et al. 2014) . . Prevalent features attributed to ions of Fe ii, Si iii, and Co ii are indicated with labels. Note. -One sigma uncertainties given in parentheses are in millimag. Table 2 . Optical and NIR photometry of the local sequence of SN 2012Z in the natural system. 
